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The mechanism of triangular and quadrangular ®Be and '>C Feynman diagrams for the '*O(7, 4a) reaction in the
field of photon energy E, = 15...45 MeV was analyzed. The paper presents the calculation results on the peak
positions in the energy dependence of total reaction cross-sections with consideration of the ®Be and '2C exitation
spectra. It is shown that the radical extremes of triangular diagrams can manifest themselves in the form of ” ghosts”
of 8Be, ®Be* and >C* nuclei in the excited states of 2 and 3a- particles in the final state. The distributions of
energy correlations of two a- particle pairs in the approximation of the pole ®Be- diagram at E, =20..40 MeV

were calculated.

PACS: 21.60.Gx, 25.20.X

1. INTRODUCTION

Investigation into the total a-particle photodisinte-
gration of a-cluster nuclei is of particular interest
for the study of properties of virtual a-cluster struc-
tures in nuclei and their influence on the nuclear re-
action mechanism and on the a-synthesis dynamics
in the Universe. In connection with these problems
a complex experimental and theoretical investigation
of the %0(v, 4a)) reaction in the field of it manifes-
tation at photon energies E, = 14, 42...50 MeV is
much promising. In earlier works [1]-[3], one has car-
ried out experimental investigations on the energy
dependence of total reaction cross-sections o;(E.),
energy and angular distributions of a-particles and
distributions in the excitation energies of 2a- and
3a-particles in the final state with the use of pho-
toemulsions on the bremsstrahlung photon beams in
the energy interval B, = 14, 42...70 MeV. In later
works [4] one has carried out experimental investi-
gations on the same reaction characteristics and on
the energy and angular correlations of a-particles at
E., =18...48 MeV with the use of photoemulsions on
the bremsstrahlung photon beams having the maxi-
mum energy of 300 MeV. It should be noted, that
the available experimental data have a contradictory
character. So, in [1]-[4] evident discrepancies are ob-
served between the positions of maxima in o,(E,).
For example, in [1] (180 reaction events) the peaks at
E7" ~ 23; 28; 30 and 35 MeV were observed (ibidem
presented are the findings of D.L.Livesey, C.L.Smith
(1956) at EI' ~ 22; 26...27; 29; 32 and 35 MeV); in
[2] (53 events)- at ET* ~ 18,5 and 20,5 MeV; in [3]-
two narrow peaks at ET' ~ 23 and 25 MeV and a
broad resonance with the centre at ET' ~ 30 MeV;
in [4] (540 events)-a small peak at EI' ~ 20 and
a broad resonance at EJ' ~ 30MeV. Also, there
are disagreements in the interpretation of the reac-

tion mechanism with taking into account a possible
realization of partial channels: v + 00— 4a; o +
120*:. 8Be(®Be*) + 8Be(®Be*); a + a + 8Be(®Be*).
Besides, all the qualitative theoretical construct were
considered in the two-particle approximation without
taking into account the interaction particles in the fi-
nal state. So, in [2] one expected appearance of the
second (with the excitation energy Ecx = 7,7 MeV')
and the third (with Epe- = 3 MeV') partial channels
at £, = 17,5...19,5 MeV and higher excitatons of
8Be and '2C nuclei at E, =19,5..21,5MeV, as
well as, a probable manifestation of the fourth par-
tial channel; in [3] a contribution of the E2-transition
up to B, = 40 MeV was supposed to interpret the
structures in the function of reaction excitation. In
[4] basing on the analysis of distributions by the rela-
tive energies of a-particles 1, = Eq,/(E,—¢) (where
1...4, € is the reaction threshold) and mani-
festation of excited states of intermediate 8 Be* and
12C* nuclei, it has been concluded that the mech-
anism of the statistical decay of 10 nucleus up to
E, =28 MeV plays a main role. When E, increases
the quasi-direct interaction between the photons and
the 2a- 3a- clusters of 10 nucleus, followed by the
formation of intermediate 8 Be* and'?C* nuclei in the
state with J™= 2%, is the major mechanism. Here of
interest is the manifestation of peaks in the exper-
imental spectra of ®Be excitation at Ej, ~ 3 MeV
and of ?C excitation at Ef, ~ 15...16 MeV in both
intervals: E, = 18...28 MeV, in the case of co-
incidence with the phase distribution, as well as,
E, = 28...48 MeV, when the phase distribution is
distinctly displaced into the region of high excita-
tion energy E. The same independence on E., was
observed in the experimental relative energy distri-
bution 7,, for the most energetic a;- particle with
the peak position at 7., ~ 0,37 in energy inter-
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val E, = 18...48 MeV, as well as,in the position of
maxima in the distributions of experimental events
by the variable t,, at tno ~ 0,05 and 0,5, where
taa = Faa/(Ey —€) and E,q, is the relative energy
of 2a-particles.

In p.2 of the present paper the above-mentioned
problems, concerning the interpretation of the peak
positions in oy(E,) of the %O(v,4a) reaction,the
manifestation of excited, independent on FE., states
in the (2a) and (3«)-systems in the final states, and
the singularities in the distributions 7., are consid-
ered using the triangular and quadrangular 8 Be and
12C' Feynman diagrams at E, = 15...45 MeV. The
equations for kinetic energies of 4a-particles, neces-
sary for the experimental verification of the trian-
gular diagrams under consideration were obtained.
The paper presents the numerical estimates of event
distributions by the variables tn,q4, and tq,q, in the
approximation of the pole ® Be-diagram, respectively,
for 2a-particles at the photon and the spectator ver-
tices at B, = 20...40 MeV. In p.3 the results ob-
tained are discussed.

2. METHODS AND RESULTS

In connection with experimental ambiguities in the
energy positions and in the interpretation of quantum
peak characteristics in o;(E.,,) of the **O(y, 4a) reac-
tion [1-4], as well as, taking into account the stable,
independent on F., positions of maxima in the ex-
citation spectra of 2a and 3a-particles in the energy
interval E, = 18...48 MeV [4], we have applied, for
calculation of this characteristics, the method in the
approximation of triangular and quadrangular Feyn-
man diagrams presented in Fig.1 and Fig.2.
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Fig.1. Triangular ®Be- and 2C- diagrams
for the 150(v, 4a) reaction
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Fig.2. Quadrangular ®Be- and 2C- diagrams
for the 150(v, 4a) reaction
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The quadrangular diagrams are the detailed repre-
sentation of triangular diagrams taking into account
a probable resonance excitation of primary clusters at
the photon vertices. For three-particle photonuclear
reactions a similar approximation was considered in
[5, 6]. Near the singularities of amplitudes, presented
by the quadrangular diagrams in Fig. 2, it is pos-
sible to neglect the virtual particle going out from
the mass surface [7, 8] and to consider the resonance
processes as the processes on free particles. Then
the approximate estimates of photon energies EI,
at which the resonance peaks in o,(E,) arise, can be
obtained for quadrangular ® Be and '2C diagrams of
Fig.2, from equations

E;”(Be) = FE5,. + 2mp. — my, (1)

ET(C) = E¢ +mc + mye —mo, (2)
where mge, mpe, mc, mo and Ef,, E} are
the masses of nuclei *He, 3Be, '2C, 0 and
the excitation energies of ®Be* and '2C* nuclei
respectively.  The calculations of ET'(Be) and
ET(C) by (1) and (2) are given in Tables 1 and
2 with taking into account the levels of ®Be [9]
and 2C nuclei [10]. As is seen from Tables 1
and 2, the energy position of peaks in o4(E,)
does not contradict to the data set given in [1-4].

Table 1
ER.(J™), MeV | EN'(Be), MeV
3.04 £+ 0.03(21) 17.66 + 0.03
11.4 £ 0.3(47) 26.0 &= 0.3
16 - 17(2%) 31 - 32
20.1 - 20.2(07) 34.7 - 34.8
22.2(0™) 36.8
25.2(07) 39.8
25.5(4T) 40.1
27.4(0T) 42.1
Table 2
E&(JT), MeV EZ/”(C), MeV
7.65 + 0.15(0T) 14.82 + 0.15
10.3 + 0.3(0™) 175 £ 0.3
11.16 £ 0.05(2%) | 18.33 & 0.05
14.08 £ 0.01(4™) | 21.25 4+ 0.01
15.44 + 0.09(2%) | 22.61 + 0.09
17.76 £+ 0.20(0%) | 24.93 + 0.02
21.6 + 0.1(4+) 28.8 + 0.1

On the other hand, according to the general approx-
imation in [11], the radical singularities of triangular
diagrams in Fig.1 look as extremes in the center-of-
mass system of s, ag, as-particles in the final state
at excitation energies

E; :mHe+mBe+a73mHea (3)

where z = 2a, 3a; a =0, Eg,, Ep, . In (3) we have
considered, for generality, also the contribution of the
8Be?- cluster in the spectator channel of triangular
and quadrangular 8 Be diagrams in Fig.1 and 2. Then



there take place a displacement by the value £,  in
the ET'(Be) estimates of Table 1. In accordance with
(3) the presence in the triangular ® Be- and 2C- di-
agrams Fig.1 of a virtual 8Be(0%) cluster (at a = 0)
can manifest itself, with taking into account the en-
ergy balance, as a "ghost” of 8Be(0") nucleus in the
system of 2a-particles at E5, = 0,092 MeV with a
kinetic energy Of the third a- particle in the center-
of-mass system of 3« equal to zero, or as a ”ghost” of
12C nucleus in the excited state of 3a-particles with
E¢ ,~T7,4..7,5MeV. The presence of exited 8 Be*
and 8Be? clusters, at a # 0 in (3), can manifest it-
self as a "ghost” of 8Be* and '2C* nucleus with the
excitation energies E,  and Ef, , respectively

Ege,g = E; +2mpye —mpe = Ege(EEe,s)v

(4)

Eéﬂ = E; +3myge — me =
(5)

Then, the presence of excited ®Be* and ®Be* clus-
ters in the diagrams of the Fig.1 at £, = 3,04 MeV
can manifested itself as ”ghost” of ®Be* nucleus in
the system of 2a- particles with the excitation energy
E%e o = 3,04 MeV and with the of the third a- parti-
cle close to zero, or according (5) as a ”ghost” of 12C*
nucleus in the final excited state of 3a- particles with
E¢. , = 10,34 MeV. Then the exited state of 8 Be*
in the triangular 2C- diagram at E}, ~ 7...8 MeV,
that has been found in the 2C(a, 4a) reaction [12],
can manifest itself as a "ghost” of 12C* nucleus in the
final state of 3a- particles with Ef, , = 15,4 MeV,
discussed in [4]. Real manifestation of one of two
variants of ”ghost” 8Be!’; or 120;‘ states can be ob-
served only in experiments. At that, the positions of
radical extremes of the triangular diagrams does not
depend on FE,. Independent experimental informa-
tion about the contributions of ® Be- and '2C- trian-
gular diagrams can be obtained from the estimates of
maxima positions in the distribution by the relative
kinetic energy of a;- particle at the photon vertex
Noy= Fa,/(Ey-¢) and in the distributions of exper-
imental events of the reaction by the value (E,, +
E,, + E,, -nE,,), where n=1 and 0,5, respectively,
for these diagrams. So, from the energy balance on
the mass surface for the virtual processes in the pho-
ton and spectator vertices we have, correspondingly,
for the 8 Be- and '2C- triangular diagrams

mge +Mpe —Mc + EEE(EEC,S)'

Eal (Be) =0, 5(E’Y I 52)’ (6)

Eo,(C) = 2(Ey — & — Eg.)/3, (7)

where e1=2mpe + (Epe,s) - Mo, €2= 2MHe - MBe,
e= 4dmpy. - mo. Note, that taking into account the
two-particle channel v + 0— 8Be 4 8Be, for
which

(8)

and Eq.(6) at Ep.s= 0, we have for the aver-
age value of the relative energy (n,,)=~ 0,37, which

E., =0,25(E, —¢)

is followed from the distributions E,,/(Ey - ¢) in
[4] for E, = 18..48 MeV. For the two-particle
¥+ 0 — a; +'2 C* channel we obtain

Eo, =3(Ey —¢)/4. (9)
While, taking into account (7), 0 < E,, (C)/(E, —
) < 0,4at B, +e < B, < 2,5E;, + ¢ From
Eqgs.(6,7) and from the balance of energies and pulses
on the mass surface for virtual processes in the three
vertices of triangular & Be- and 12C- diagrams we have
respectively

Ea2+Ea3+Ea4_Ea1 = mBe_QmHe—’_(Ege,s)’ (10)

Ey,+Ey,+Ey,—0,5E,, = mpe.—2mpy.+Eg,. (11)

An additional possibility in the determination of the

mechanism of the reaction under consideration arises
in the experimental and theoretical analysis of en-
ergy correlation distributions of two pairs of a- par-
ticles by the variable tn,a,=Fa,a,/(Ey — €), where
Eq,q, is the relative energy of «; and ag- particles.
In [13] the similar problem was considered for the
analysis of the mechanism of four- particle photonu-
clear 12C(v, pt)2a reaction in the approximation of
the pole a- cluster diagram. Thus, firstly, the general
formulas have been obtained for calculations of the
distributions of differential probabilities dA4/dty,a,
in the approximation of the pole ”i”- cluster diagram
with constant vertex functions, represented in Fig.3,
for two pairs of (a, b) and (c, d)- particles in the
photon- and spectator vertices respectively

dA, (1 —tap)*Vap

- F(2,3/2:3:2), (12
dtap ' [e0/To + b(1 — t4p))? 2.3/ 2 (12)
dAy (1 = teq)*Vtca /

= F(2,3/2;3;2),
dts ~ o Ty TH( Bt B3/ E )

(13)

where C7; and C5 are the arbitrary constants,

F(a, B;7; 2) is the hypergeometric Gaussian series
[14],

(b—1)(1 —tap)

- , 14
Eo/To—i-b(l—tab) ( )
/ b(1 —teq)

- , 15
& 50/T0+b+(1—b)tcd ( )
b (mq + myp)(m; +mc+md)’ (16)

m;i(mg + mp + me + my)
co=m;+me+mg—ma, (17)
To=FE, —¢, (18)

¢ is the reaction threshold, my, is the particle mass
"kE”. Egs. (12), (13) are obtained in the factorized
form, where the four-particle phase volume is exactly
determined
dvy
dtin

= C5(1 — tyn)” Vikn- (19)
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Fig.3. Pole diagram for the photonuclear
v+ A— a+ b+ c+d reaction
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Fig.4. Energy (o, o) correlations for the
60(y,4a) reaction calculated by (12) (curve 1), by
(13) (curve 2), by (23) (curve 3), by (20) (curve 4)

at m;=mpe and Mg= Mp= Me= Mg=Mg

For comparison, we have considered also the
three-particle photonuclear v + A— a + b + B re-
action in the pole ”4”- diagram with a single-particle
spectator B for which

dA tan(1 — 1,
L= el )
dtab [Ei/T() + b (1 — tab)]2
where
¥ = (mg + myp)(m; + mB)’ (21)
m;i(mq +my +mp)
Ei=mMm; +mp —ma, (22)
and the phase volume
dV-
o 2 = Cs\/tin (1 = tn). (23)
kn

In (19), (20) and (23) C3, C4, C5 are the ar-
bitrary constants. F'ig.4 presents the calculations
of dAy/dto 0, (curve 1), dAy/dtaga, (curve 2) and
dV3/dto, 0, (curve 3), dAs/dta,a, (curve 4) by (12),
(13) and (23), (20) with my,= mp= m.= mg= m, and
m;= mp=mp, for the *°0(v, 4a) and **O(v, 2a)%Be
reactions respectively at E, = 20...40MeV. The
calculations are made in the pole 8Be cluster ap-
proximation with normalization of all the curves on
the identical integral area. For the distributions
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dA4/dto,a, and dAy/dt,,., characteristic is the po-
sition of maxima independent on E, at t3},, ~ 0,5
in correspondence with experimental data at F, =
18...48 MeV [4] and with 7, ~ 0,2, practically
coinciding with the phase volume (19). This fact
is confirmed by our calculations at E, = 20...25,
25...30 and 30...40 MeV, which, almost do not dif-
fer from the given calculations of curves 1 and 2 in
Fig.4. The coincidence of calculated curves 1 and
3,as well as, the position of the maximum of curve
4 at t7y, ~ 0,8 in Fig.4 indicates the incorrectness
of the application of an approximation of the three-
particle °O(v, 2a)®Be reaction in the calculations
of energy aa-correlations in the *O(v, 4a) reaction.
Probably, the use of a realistic vertex function in the
spectator channel may improve the agreement with

experiment in the estimate ¢ , =~ 0,05.

3.DISCUSSION

In p.2 we have demonstrated an important role of
triangular and quadrangular & Be- and '?C-diagrams,
as well as, of a ®Be- pole diagram in interpretation
of the °O(~, 4a) reaction mechanism. The equa-
tions were first obtained for the calculation of peak
positions in the energy dependence of the total re-
action cross-section in the photon energy interval
E, =15...45 MeV with taking into account the con-
tribution of resonance 8 Be* and 2C* states (see (1),
(2) and Tables 1, 2) permitting to investigate the
quantum characteristics of structure peculiarities in
the experimental function excitation of reaction. We
have offered, with taking into account (3), the in-
terpretation of the appearance of the excited states,
being independent on £, in the systems of 2a: and
3a-particles in the final state. They have a form of
”ghosts” of 8 Be, 8 Be* and '2C* nuclei, as manifesta-
tions of radical singularities of triangular diagrams,
represented in Fig.1, with ®Be, 8 Be* clusters on the
mass surface. Unlike the reaction under our con-
sideration, in [6] the triangular ® Be-diagram for the
120(y, 3a) reaction has at the output an o + a —
a + « vertex with a radical singularity E*(2a) = 0.
However, the amplitude contribution of this diagram
into the cross-section will be insignificant because the
phase volume of the reaction is proportional to the
factor v Ea. The authors [6] assume that such di-
agram is realized when a real excited state of ®Be*
arises in the o+ o — 8Be* — o+ a process in the
final state. The experimental estimate of the relative
kinetic energy of ay-particles E,, /(Ey —¢) ~ 0,37 in
the energy interval E., = 18...48 MeV [4] probably is
the evidence, according to (6) at Ep, ;= 0 and (8),
of some contribution also from the mechanism of the
two-particle partial v + 0 — 8 Be + 8 Be channel.
Detailed experimental analysis of the ET" estimates,
given in Tables 1 and 2,the energy distributions in
(6), (7) (with taking into account (8), (9)), as well as
(10), (11),is very necessary to substantiate the mech-
anism of triangular and quadrangular 8 Be- and 12C-
diagrams for the %O(~y, 4a) reaction in the energy
interval E, = 14, 42...50 MeV. Consideration of the
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AHAJIN3 MEXAHU3MA PEAKIINU °0(v,4a)
B.H. I'ypves

IIpoBeneH aHAIN3 MEXaHM3MA TPEX- M UeTHIPEXyTOILHBIX S Be- n 12C- GellHMAHOBCKUX ITHAIPAMM JIJIS De-
axmun 1%0(7, 4a) B obnactn sueprun doronos E., = 15...45MsB. IIposesen pacder NOIOKEHHs THKOB B
SHEPTreTUIeCKOil 3aBUCHMOCTH TIOJIHBIX CEUEHHUH PEaKINH C yIeTOM CIEeKTPOB Bo30yskmenus suep S Be u 12C.
IToxkazamna BO3MO>KHOCTD ITPOSIBJICHUST KOPHEBLIX OCOOEHHOCTEN TPEYTrOJbHBIX JUATPAMM B BUJIE «IIPU3PAKOB»
anep SBe, 3Be* u 12C* B BO36yKIEHHBIX COCTOSHUSAX 20i- B 3Q-UaCTHI] B KOHEUHOM COCTOSHUH. 1IpoBesen
pacueT paclpeiee Il SHePreTHIecKUX KOPPEJIsAuil IByX Iap -YacTHUIl B IPUOJIIKEHIN TIOJIOCHON & Be-
jguarpammbl npu E., = 20 ... 40 MsB.

AHAJII3 MEXAHI3MY PEAKIIII 60(y, 4a)
B.M. I'yp’es

IIpoBeneHo aHAJ3 MeXaHi3My TPBOX- i JoTUpHKYTHHX ©Be- i 2C- (efiHMAHOBCHKUX [HarpaM Iy peaxiiil
160(v,4a) B obnacti enepriit doronis £, = 15...45 MeB. IIpose/ieno po3paxyHOK pO3TallyBaHHs MiKiB B
eHepreTHYHil 3aJIe;KHOCTI HOBHUX IIepepi3iB peakxtlii 3 po3paxyHKOM CHeKTpiB 30ymkenns gaep SBe u 2C.
[Tokazano MOKJIMBICTD IIPOSIBJIEHHST KOPIHHIX OCOOINBOCTEN TPUKYTHUX JiarpaM y BUIVISAIl «IPUMap» sSAep
8Be, 8Be* n 20* B 30ymKeHHux craHax 20- i 30-9acTHHOK B KiHmesoMmy crami. IIpoBesieHO pO3paxyHOK
PO3IOIIIIB eHepPreTHYHNX KOPeJIsiiifi JBOX Hap (-YaCTUHOK B HAOJIMKeHHI mosrocHOi ®Be- miarpamum mnpu

E, =20...40 MeB.
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